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The maximum mass of a neutron star has important implications across multiple research fields,
including astrophysics, nuclear physics and gravitational wave astronomy. Compact binary mil-
lisecond pulsars (with orbital periods shorter than about a day) are a rapidly-growing pulsar pop-
ulation, and provide a good opportunity to search for the most massive neutron stars. Applying a
new method to measure the velocity of both sides of the companion star, we previously found that
the compact binary millisecond pulsar PSR J2215+5135 hosts one of the most massive neutron
stars known to date, with a mass of 2.27±0.16 M⊙ (Linares, Shahbaz & Casares, 2018). We
reexamine the properties of the 0.33 M⊙ companion star, heated by the pulsar, and argue that
irradiation in this “redback” binary is extreme yet stable, symmetric and not necessarily produced
by an extended source. We also review the neutron star mass distribution in light of this and more
recent discoveries. We compile a list of all (nine) systems with published evidence for super-
massive neutron stars, with masses above 2 M⊙. We find that four of them are compact binary
millisecond pulsars (one black widow, two redbacks and one redback candidate). This shows that
compact binary millisecond pulsars are key to constraining the maximum mass of a neutron star.
Multifrequency Behaviour of High Energy Cosmic Sources - XIII - MULTIF2019
3-8 June 2019
Palermo, Italy
∗Speaker.
c© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/
Super-Massive Neutron Stars Manuel Linares
1. Introduction: the maximum neutron star mass
The maximum mass that a neutron star (NS) can sustain, MmaxNS , has important implications
across multiple research fields, including astrophysics, nuclear physics and gravitational wave
(GW) astronomy. From a purely observational viewpoint, the distinction between neutron stars
and stellar-mass black holes in binary systems is often based on the mass of the primary star, which
is classified as a black hole if its mass exceeds MmaxNS [1]. The birth masses of NSs depend on the
still uncertain physical mechanisms taking place in supernovae, when the proto-NS is being formed
during the gravitational collapse of a massive star [2]. Later evolution in an interacting binary can
significantly increase the mass of a NS via accretion, as well as decrease its spin period and surface
magnetic field, during the so-called recycling stage [3]. More recently, the maximum NS mass has
regained interest in the context of double neutron star mergers and the associated GW emission [4].
Simply put, what is left after two neutron stars merge depends on their masses before coalescing,
and on the maximum mass that a neutron star can hold [e.g., 5]. It is also important to know MmaxNS
well enough to distinguish between massive NSs and light black holes, in the new era of GW events
from binary mergers.
The maximum mass of a NS depends on the compressibility of its core, and on the equation
of state (EoS, the relation between pressure and density) at densities close to and above nuclear
saturation density (ρnuc ≃3×1014 g cm−3). Relatively incompressible matter (described by “stiff”
EoSs) is needed to support more massive NSs. Microscopically, the EoS in the core and MmaxNS are
set by the nucleon-nucleon interactions in the central parts of a NS, which remain uncertain despite
six decades of research [6]. Therefore, the maximum mass of a NS has a critical impact on nuclear
physics, as it places direct constraints on the EoS of matter at supra-nuclear densities [7; 8; 9].
The NS mass distribution has evolved as new types of NSs in binaries were discovered and
their masses measured. The majority of NS mass measurements come from rotation-powered radio
pulsars in binary systems (299 listed at the ATNF catalog, v1.60; [10]), most of which are binary
millisecond pulsars (MSPs, 249 catalogued with spin periods shorter than 30 ms; see also [11]).
Two decades ago, the first measurements suggested a single and narrow NS mass distribution near
1.4 M⊙ [1.35±0.04 M⊙ from 26 pulsars, mostly in double NSs; 12]. In 2010 and 2013, NSs with
masses close to 2 M⊙ were found in binary pulsars with white dwarf (WD) companions [13; 14].
These were accurate measurements (≃2% 1-σ errors; see Table 1) obtained with different methods,
and they established that NSs can be as massive as 2 M⊙. In 2011, van Kerkwijk et al. [15] found
evidence for a NS with more than two Solar masses, 2.40±0.12 M⊙, in one of only four compact
binary MSPs known in the Galactic field at the time (see Section 2 for definition and details).
Recently, Özel & Freire [9] compiled NS mass (and radius) measurements, discussing in depth
the NS mass distribution. Thanks to these and other previous studies [7; 8; 16], we know now
that NS masses span a wide range, between 1.2 and at least 2 M⊙. However, compact binary
MSPs (black-widows and redbacks) have not been included in most global studies of the NS mass
distribution, perhaps due to their past scarcity or in order to avoid the uncertainties in correcting for
the strong irradiation of the companion star by the pulsar wind. Here, we review the most massive
NSs presently known in light of recent findings and including compact binary MSPs, which we
argue are key to constraining MmaxNS [15; 17; 18; 19; 20].
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Figure 1: All-sky map (Mollweide projection) showing the Galactic coordinates of the compact binary
MSPs known in 2008 (top, 4 systems) and 2019 (bottom, 43 confirmed + 11 candidates). Black squares
and red circles show black-widow and redback MSPs, respectively. Open symbols show candidate systems,
where the detection of a radio/gamma-ray pulsar has not been reported yet.
2. A spider revolution: millisecond pulsars in compact binaries
Compact binary MSPs have orbital periods shorter than about a day and form two distinct
populations, with either a low-mass main-sequence companion star in the systems known as “red-
backs” (RBs; Mc&0.1 M⊙), or a very low-mass “ultra-light” companion in those known as “black
widows” (BWs; Mc ∼ 0.01 M⊙). They have been nicknamed after cannibalistic spiders because of
the destructive effect that the pulsar wind may have on its companion, and are sometimes referred
2
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collectively as “spiders”. Before the launch of the Fermi gamma-ray telescope in 2008, only four
compact binary MSPs were known in the field of the Galaxy, as shown in Figure 1 (top). These ex-
clude MSPs in globular clusters, which now contain 12/18 RBs/BWs [21] but are typically unsuited
for dynamical mass measurements. Pulsars are relatively bright sources at GeV energies, the band
where Fermi’s large area telescope (LAT, ∼0.1–100 GeV; [22; 23]) is providing unprecedented
sensitivity. Combined with targeted radio observing campaigns [24; 25; 26; 27; 28; 29; 30; 31] as
well as optical and multi-wavelength follow-up [32; 33; 34; 35; 36; 37], this has turned Fermi-LAT
into a true “pulsar discovery machine”.
Surprisingly, many of these LAT-driven discoveries have revealed new compact binary MSPs,
so their population has increased drastically over the past decade, from 4 to more than 40 (Figure 1,
bottom). This is what we may call “a spider revolution”: a new class of nearby (d.3 kpc) and
energetic (spin-down luminosity E˙ ∼1034–1035 erg s−1) pulsars has emerged. Because most new
spiders are also far from the Galactic plane, where interstellar extinction is low, they are well
within reach of optical telescopes (especially redbacks, with brighter companion stars). This allows
for spectroscopic studies of the companion star and dynamical measurements of the MSP mass,
as detailed below. During a long (Gyr) formation phase with active mass transfer, spiders are
thought to accrete mass from their companion stars, so that NSs in compact binary MSPs may be
significantly more massive than they were at birth [38]. Thus, among other fields, this new MSP
population is having a strong impact on MmaxNS and the NS mass distribution.
3. A 2.3 Solar-mass neutron star in PSR J2215+5135
In 2014, we set out to measure the mass of a redback pulsar in a 4.14 hr orbit, PSR J2215+5135,
which had previous evidence for a massive NS and a strongly irradiated companion star [18; 39].
We observed the system with three optical telescopes, obtaining high signal-to-noise photometry
and including the Gran Telescopio Canarias (GTC, 10.4-m diameter) in order to collect high-quality
spectra throughout the orbit. Thanks to these GTC spectra we were able to find a new and subtle
effect: among the absorption lines from the companion star’s atmosphere, metallic lines trace the
unheated “cold” side of the star and thus move at higher velocities than hydrogen lines, which are
formed predominantly on the inner “hot” side of the star. In particular, we found that magnesium
lines (MgI triplet at 5167-5184 Å) move 10% faster than Balmer lines (Hβ ,γ ,δ ). This allowed us
to find empirically and robustly the velocity of the center of mass of the star (K2), a very important
step to obtain reliable mass measurements in irradiated binary systems.
Furthermore, we measured the temperature of the star throughout the orbit using a suite of
absorption lines and confirmed quantitatively the extreme irradiation of the inner side of the com-
panion produced by the pulsar wind (from TN=5660+260−380 K to TD=8080
+470
−280 K). Imposing these
independent temperature constraints, we modeled jointly the light and radial velocity curves in or-
der to obtain the orbital inclination (i=63.9◦±2.5) and the masses of both stars. While our work was
being completed, Romani et al. reported higher inclinations from independent dynamical studies
of PSR J2215+5135 [40; 41]. Because their reported temperatures differ from ours and have no
uncertainties, we concluded that accurate temperature constraints are critical to measure robustly
masses and inclination. For the full details and discussion the reader is referred to Linares, Shahbaz
& Casares (2018, [19]).
3
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Figure 2: Optical light curves of PSR J2215+5135 taken during four different nights with the WHT and
IAC80 telescopes on August (red triangles, magenta circles and green squares for the i, r and g bands,
respectively) and September (gray symbols), 2014. Solid lines show the light curves measured by Schroeder
& Halpern in 2011 (3 years earlier, converted fromBVR filters; [39]). The orbital light curves of this redback
MSP are smooth (down to the shortest 60 s exposures) and stable on timescales of days to years (within the
available data and its photometric precision, shown by the error bars on the right).
We thereby found one of the most massive NSs known to date in PSR J2215+5135, with
MNS=2.27±0.16 M⊙ [19]. A 2.3 Solar-mass neutron star rules out most currently proposed equa-
tions of state, casting doubt on the existence of exotic forms of matter in the core. It is worth
stressing here that the optical light curves and spectra of PSR J2215+5135 are “well behaved”, in
the sense that they only show the orbital modulation typical of irradiated compact binaries. No
flares, long-term variability or transient emission lines have been detected (see, e.g., multi-epoch
light curves in Figure 2). We were able to fit jointly and satisfactorily these three-band light curves
(g,r,i) as well as the two-species radial velocity curves (Balmer and MgI) assuming point-like ir-
radiation by the pulsar wind, without any extended heating source (unlike previous work [41]).
Furtermore, after carefully considering the uncertainty in the orbital phases, we did not find in our
data significant asymmetry in the optical lightcurves of PSR J2215+5135 [39; 40]. Summarizing,
in our optical study of this particular redback we found that even if heating/irradiation of the com-
panion by the MSP is extreme: i) it is not variable, ii) it is not necessarily produced by an extended
region and iii) it shows little or no asymmetry. We argue that this, together with our new empirical
method to determine K2, makes the 2.3 M⊙ measurement robust.
4. Super-massive neutron stars: breaking the 2 M⊙ barrier
Figure 3 shows an updated compilation of 86 NS mass measurements, including 17 compact
binary MSPs ([9; 20; 45], and references therein). This readily shows that redback and black widow
4
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Figure 3: Masses of 17 compact binaryMSPs (red circles and black squares, as indicated; arrows show lower
limits on MNS; [42; 43; 44; 19; 15; 20]). For comparison, we show 68 NS mass measurements compiled by
Özel & Freire ([9], gray circles; see references therein). Different types of binary NSs are noted with labels
along the right side. The recent NS mass measured by Cromartie et al. [45] is shown in blue.
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MSPs (or “spiders”) tend to push the NS mass range beyond the 2 M⊙ limit. In Table 1 we collect
those systems with NS mass measurements above 2 M⊙, giving the original references and some
details on each mass measurement. In the following we discuss briefly these super-massive NSs,
and argue that compact binary MSPs are key to establishing what is the maximum NS mass.
Table 1: Super-massive neutron stars, sorted in order of increasing mass measurement/constraint. Compact
binary MSPs (spiders) are shown in boldface. Errors are at the 1-σ confidence level (ranges indicate mass
constraints rather than actual measurements).
Name Typea MNS (M⊙) Mean error Porb (hr) Ref. (MNS)
PSR J0348+0432 MSP+WD 2.01±0.04 2% 2.5 [14]
3FGL J2039.6-5618 RBc 2.04+0.37
−0.25
b 15% 5.5 [20]
PSR B1516+02B MSP+WD? 1.5–2.2c 19% 164.6 [9; 46]
Vela X-1 HMXB 2.12±0.16 8% 215.1 [47]
PSR J0740+6620 MSP+WD 2.14+0.10
−0.09 4% 115.2 [45]
PSR J1311–3430 BW 1.8–2.7d 20% 1.6 [44]
PSR J2215+5135 RB 2.27±0.16 7% 4.1 [19]
PSR B1957+20 BW 2.40±0.12 5% 9.2 [15]
PSR J1748-2021B MSP+WD? 2.1–2.9e 15% 493.2 [9; 48]
aRB: redback; RBc: redback candidate; BW: black widow; HMXB: high-mass X-ray binary; MSP+WD: millisec-
ond pulsar with white dwarf companion (a question mark indicates that this WD identification is uncertain).
bCandidate RB, no pulsar detected yet. This MNS comes from optical light curve modelling only, without consider-
ing radial velocities.
cNote this is a probabilistic constraint assuming random inclination. We give latest reported range from Özel &
Freire. Original 1-σ range was 2.08±0.19 M⊙.
dFormally 2.25±0.45 M⊙, but authors give 1.8–2.7 M⊙ range from a discussion of possible systematics, so this is
a mass constraint (not a 1-σ range).
eNote this is a probabilistic constraint assuming random inclination. We give latest reported range from Özel &
Freire. Original 1-σ range was 2.74±0.21 M⊙.
As mentioned in Section 1, the first-discovered compact binary MSP [49], the original black
widow pulsar PSR B1957+20, holds the current record of the highest NS mass measurement, with
MNS=2.40±0.12 M⊙ [15]. As discussed by van Kerkwijk et al., this result may be sensitive to
systematic uncertainties on the orbital inclination (i=65◦±2, which the authors take from earlier
light curve modelling results; [50]) and on the center of mass velocity (estimated from a combi-
nation of simulated spectra and analytical arguments ([15]; see their Section 5). An independent
analysis and joint modeling of the light and radial velocity curves, in light of recent results, should
be able to establish or update this mass measurement. In their final analysis of the light and radial
velocity curves of the black widow PSR J1311-3430, Romani et al. report a NS mass in the range
1.8–2.7 M⊙ and argue that the accuracy of this measurement is partly limited by optical flares and
variable wind emission lines [44].
The mass of the X-ray pulsar in the high-mass X-ray binary (HMXB) Vela X-1 has also been
found to be higher than 2 M⊙: 2.12±0.16 M⊙ [47]. Even though the optical determination of
the companion’s velocity may suffer from additional systematics, most measurements indicate that
this HMXB hosts a massive NS [51; 52]. In globular clusters, dynamical measurements of the
6
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companion star are challenging, but there is also evidence for super-massive NSs [48; 46]. Precise
long-term timing of radio MSPs in wide eccentric binaries has allowed highly significant detections
of the rate of advance of periastron. If this advance is exclusively due to general-relativistic peri-
astron precession, such detections lead to an accurate measurement of the total mass in the binary
[16]. Even if the companion is undetected and the orbital inclination is unknown, Freire et al. used
probabilistic arguments to constrain the masses of two such pulsars to be close to or above 2 M⊙
(PSR J1748-2021B and PSR B1516+02B, see Table 1).
Other redback MSPs have been found that may be close to or above the 2M⊙ limit. Strader and
collaborators set a rather high lower limit on the mass of PSR J1048+2339: MNS>1.96±0.22 M⊙
([20]; as they note, the relatively large uncertainty on this limit can be improved with more precise
dynamical studies). The redback candidate 3FGL J2039.6-5618 constitutes a similar case: a mea-
surement close to 2 M⊙ but with a relatively large statistical uncertainty (2.04+0.37−0.25 M⊙). Because
pulsations have not been detected and this measurement is based solely on light curve modeling
(without radial velocity measurements available so far), the implications for MmaxNS are less certain.
As mentioned in Section 1, Antoniadis and collaborators found a NS mass of 2.01±0.04 M⊙
using pulsar timing and optical observations of PSR J0348+0432 (modeling the WD absorption
lines to find Mc; see [14]). Most recently, Cromartie et al. [45] found in PSR J0740+6620 another
super-massive NS with a mass above 2 M⊙: MNS=2.14±0.10 M⊙. This result comes from a
different method to measure MNS, i.e., the measurement of the relativistic Shapiro delay (see also
[13; 53]). Finding super-massive NSs with independent measurement techniques is important to
establish their maximum mass, and to rule out systematic effects in the mass determination (ideally,
applying these different techniques to the same pulsar).
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Figure 4: Histogram of the 44 NS mass measurements with errors smaller than 10%, showing the different
source classes. While double NSs cluster around 1.35 M⊙, spiders have masses from 1.4 to 2.4 M⊙.
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5. Conclusions
To summarize, we show in Figure 4 a histogram of NS masses, using only mass measurements
with fractional uncertainties below 10% (which includes 44 out of the 86 systems presented in
Figure 3). It has been already pointed out that double NSs show a narrow mass distribution centered
around 1.35 M⊙ and that recycled fast-spinning MSPs are on average more massive [12; 8; 16; 9].
During the past decade, we have found mounting evidence for super-massive NSs with masses
in the range 2–2.5 M⊙ (Table 1). Here we stress that the growing population of compact binary
MSPs shows great potential for finding super-massive NSs and therefore constraining MmaxNS and the
EoS of ultradense matter. Indeed, 4 of the 9 systems with potentially super-massive NSs shown in
Table 1 are redbacks (one of them candidate) or black widows, and this number may well increase
as the population of compact binary MSPs continues to grow. Newly discovered nearby redback
MSPs, in particular, hold the greatest potential for the next decade, as they have moderately low-
mass companion stars which are sufficiently bright in the optical band (typically ∼18-20 mag) to
pursue high S/N spectroscopy and detailed dynamical studies.
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DISCUSSION
JOSEP MARIA PAREDES: Are the orbital period and the companion star’s rotational period
synchronized?
MANUEL LINARES: Yes, as a result of tidal forces the orbits are circular and the companion is
“tidally locked”.
SANDRO MEREGHETTI: a) Is there any correlation between pulsar mass and other system
parameters? b) In the case of PSR J2215+5135 (and super-massive NSs in general): how much of
that mass has been accreted?
MANUEL LINARES: a) Not that we know of. b) According to evolutionary models (e.g. Chen et
al. 2013), redbacks can accrete up to 0.3–0.5 M⊙ during their active accretion phase. This suggests
that the pulsars would have to be born massive to go beyond 2 M⊙.
ANDREA SANTANGELO: Some quark-based equations of state for the NS core do allow for
super-massive NSs with MNS>2 M⊙.
MANUEL LINARES: Yes, hyperons seem ruled out but deconfined quarks may be able to do it
(especially in the most recent quark EoSs).
12
